H
ighly active antiretroviral therapy (HAART) is able to suppress human immunodeficiency virus type 1 (HIV-1) to undetectable levels in the majority of patients (1) (2) (3) . Although the suppression can be maintained for many years, eradication has not been achieved with HAART alone (4) because latent viral reservoirs persist in patients despite successful treatment (reviewed in reference 5). The most prominent and extensively characterized latent reservoir exists in resting CD4
ϩ T lymphocytes (6) (7) (8) . CD4 ϩ T cells are the major target cells for HIV. In productive infection, upon entry the virus goes through reverse transcription, integration, virus gene expression, and new virus assembly and budding. However, in latent infection, specifically in postintegration latency, the virus expresses no or minimal levels of viral transcripts from the integrated proviruses (9) . Since viral antigens are not expressed in latent infection, latently infected cells suffer no cytopathic effects of viral proteins and are not recognized or targeted by cytotoxic T cells. Moreover, antiretroviral drugs target active viral replication and have no effect on latent proviruses that have integrated into the host cell genome. Therefore, when viral latency is established in resting CD4 ϩ T cells, such latently infected cells persist in HIV-positive (HIV ϩ ) patients for a long time with minimal decay (10) . As a result of the fact that resting CD4 ϩ T cells (especially memory T cells) have a naturally long life span in vivo, latent HIV infection in such cells forms a very stable viral reservoir and poses a huge barrier to viral eradication. The integrated provirus is maintained in the latent state by several means, including the lack of necessary host transcription factors, chromatin structure, and integration location that prevent or minimize the expression of the provirus (reviewed in reference 11). However, if the latently infected resting T cell encounters its antigen and becomes activated or is exposed to certain cytokines or chemokines, the latent virus also goes into productive infection and starts producing new virions (7, 12) . Such activation events are likely the major source of viral rebound after treatment interruption. Thus, the latent reservoir ensures viral persistence and renders lifelong therapy necessary to control HIV diseases in patients. In order to advance our current strategy for treating HIV diseases, understanding of the latent reservoirs, particularly the reservoir in resting CD4
ϩ T cells, is critical. Since the discovery of the most stable latent HIV reservoir in resting (especially memory) CD4 ϩ T cells in 1997, much has been learned about latency maintenance and reactivation of latent proviruses (reviewed in reference 11). However, how this latent reservoir is formed is still quite unclear.
Based primarily on in vitro evidence, it is generally understood that HIV can replicate only in activated CD4
ϩ T cells (13) (14) (15) (16) (17) . In resting T cells, the virus can enter the cell but either cannot complete reverse transcription (16) or can complete reverse transcription at a much lower efficiency but cannot integrate its cDNA into the host genome (18, 19) . On the other hand, when activated T cells are infected, productive infection usually results. Such productive infection typically results in virus-induced cytopathic effects and/or elimination by CD8 ϩ T cells; thus, these infected cells usually do not have a chance to return to resting memory state. This poses a difficulty in explaining how resting T cells that harbor latent integrated provirus are formed. One favored explanation in the field is that if an activated T cell is infected by HIV during its transition to a resting memory T cell, the virus becomes stably integrated into the host cell genome but cannot produce new virus, which generates postintegration viral latency (20, 21) .
However, more recent evidence, especially evidence from in vivo or ex vivo studies, has demonstrated that resting CD4 ϩ T cells are productively infected in vivo or can be infected directly ex vivo (22) (23) (24) (25) (26) . Both naive and memory CD4 ϩ T cells isolated from patients were found to harbor integrated DNA (25) ; in situ hybridization in lymphoid tissues in infected individuals showed that resting CD4 ϩ T cells contain viral RNA (27) , and direct infection of resting CD4 ϩ T cells in intact lymphoid tissue ex vivo resulted in productive infection in those cells (22, 28) . One of the studies found that resting CD4 ϩ T cells support HIV replication in lymphoid tissue (tonsil) explants, whereas purified tonsillar resting CD4 ϩ T cells did not support HIV replication (29) . Such results suggest that isolated resting T cells may not be permissive for HIV replication, but resting T cells residing in lymphoid tissues may well be infected both productively and latently in vivo. The in vivo lymphoid tissue microenvironment plays a crucial role in inducing productive infection in resting CD4
ϩ T cells and probably in the establishment of latent reservoir in those cells as well.
Identifying the specific role the lymphoid tissue microenvironment plays in HIV infection of resting CD4 ϩ T cells is extremely important in understanding latent reservoir formation in such cells. However, not much is known about the mechanisms involved in rendering resting T cells permissive for HIV replication. A few studies have found soluble factors that were involved: proinflammatory cytokines, such as interleukin 2 (IL-2), IL-4, IL-7, and IL-15 (30) , and chemokines CCL19 and CCL21 (31) . In addition, two studies by Choi et al. in 2005 (32, 33) showed that interactions between endothelial cells and T cells rendered them permissive for HIV replication while continuing to exhibit a resting phenotype, and such interactions required cell-cell contact and were dependent upon major histocompatibility complex (MHC) class II and CD58 on the endothelial cells. Endothelial cells express both classes I and II MHC as well as costimulatory molecules and are considered antigen-presenting cells. They line the lymphatic vessels in the lymphoid tissues and have constant interactions with T cells trafficking through them. Endothelial cells may contribute significantly to HIV infection of resting CD4 ϩ T cells as well as latency formation in these cells. In this study, we used a pseudotyped reporter virus capable of only single-round infection to further elucidate the roles endothelial cells play in inducing productive and latent infection of resting CD4 ϩ T cells.
MATERIALS AND METHODS

Endothelial cells and in vitro infection assay.
Human umbilical vein endothelial cells (HUVEC or EC) were purchased from PromoCell (Germany) and cultured in M199 medium supplemented with L-glutamine (Invitrogen) and 20% fetal bovine serum (FBS). Endothelial cell growth factors (BD Biosciences) were added fresh every 3 days to the final concentration of 50 g/ml. Where indicated, endothelial cells were pretreated with gamma interferon (IFN-␥; 50 ng/ml) (Invitrogen) for 3 days prior to the addition of resting T cells. Endothelial cells were plated to 50% confluence the day before or 100% confluence the same day, and up to 1 million resting T cells were cocultured with EC per well of a 24-well plate, or up to 5 million T cells were cultured per well in a 6-well plate. Resting T cells were cocultured with EC for 1 day in RPMI 1640 plus 10% FBS plus 1% penicillin-streptomycin (without EC growth factor or IFN-␥) prior to overnight infection or, in a few experiments, spinoculation (2 h at 1,200 ϫ g at room temperature). The cocultures were maintained in the same medium for the duration of the experiments. Expressions of green fluorescent protein (GFP) and T-cell activation markers were examined on various days postinfection using flow cytometry. Antibodies for various activation markers were all purchased from BD Biosciences. For experiments on latent infections, flow cytometric sorting was also done at various days postinfection. After sorting, the GFP Ϫ cells were cultured with or without phorbol myristate acetate (PMA) (10 ng/ml) plus ionomycin (1 g/ml) (both from Sigma) and raltegravir (3.3 M) (Selleck) for 2 days before flow cytometric analysis of GFP expression.
Virus stock production. NL43-dE-GFP pseudotyped reporter virus was generated by cotransfecting HEK293T cells with a plasmid encoding NL43-dE-GFP and a plasmid encoding the HIV-1 envelope (pWE-CXCR4) using Lipofectamine 2000 (Invitrogen) or TrueFect (United BioSystems) according to the manufacturer's instructions. Supernatants were collected after 72 h and filtered through a 0.22-m membrane to clear cell debris. Virus particles were either pelleted at 25,000 ϫ g with a 10% volume of 20% sucrose in the bottom for 2 h at 4°C or concentrated using a Lenti-X concentrator (Clontech) by following the manufacturer's instructions. NL43-dNef-GFP virus was generated similarly by transfecting HEK293T cells with a plasmid encoding NL43-dNef-GFP. The Bcl-2 lentiviral vectors were generated similarly by cotransfecting HEK293T cells with a plasmid encoding EB-FLV, vesicular stomatitis virus G protein (VSV-G) envelope (pVSVG), and a packaging vector, pC-Help, using Lipofectamine 2000 (Invitrogen) by following the manufacturer's instructions. pC-Help (34) was a gift from Jakob Reiser (Louisiana State University Health Sciences Center, New Orleans, LA). The modified pseudotyped reporter virus pNL4-3-⌬6-drEGFP was generated by transfection with a plasmid encoding pNL4-3-⌬6-drEGFP (35) , HIV-1 envelope (pWE-CXCR4), and pC-Help.
Separation of various T cell populations and T cell activation in vitro. Human peripheral blood mononuclear cells (PBMC) were obtained from HIV-negative (HIV Ϫ ) blood by centrifugation through a FicollHypaque density gradient at 335 ϫ g for 40 min. Total CD4 ϩ T cells were purified from PBMC using Miltenyi microbeads (negative depletion kit for isolating CD4 ϩ T cells). Resting CD4 ϩ T cells were isolated by adding biotin-labeled anti-CD25 and anti-HLA-DR antibodies to the Miltenyi depletion cocktail mix and subsequently increasing the amount of antibiotin microbeads added. To activate T cells in vitro using anti-CD3 and anti-CD28 bodies (BD Biosciences), we coated tissue culture plates with anti-CD3 antibodies and then added anti-CD28 antibodies with T cells and IL-2 (PeproTech) in media (35) . In order to separate memory and naive T cells, purified resting CD4 ϩ T cells were stained with CD45RO-allophycocyanin (CD45RO-APC) and CD45RA-phycoerythrin (CD45RA-PE) (BD Biosciences) and sorted using flow cytometry for RO ϩ RA Ϫ memory T cells and RO Ϫ RA ϩ naive T cells. When separating effector and central memory T (TEM and TCM, respectively) cells, purified resting CD4 ϩ T cells were stained with CCR7-PE and CD45RA-APC (BD Biosciences) and sorted for CCR7 ϩ RA Ϫ central memory T cells, CCR7
Ϫ RA Ϫ effector memory T cells, and CCR7 ϩ RA ϩ naive T cells. Cell cycle analysis with DNA or RNA staining. The procedures for cell cycle analysis have been described previously (36) . Briefly, 2 ϫ 10 5 cells were obtained from each culture well, washed with 1ϫ phosphatebuffered saline (PBS), and resuspended in 100 l of nucleic acid staining solution (NASS) with a pH of 4.8 (0.15 M NaCl in 0.1 M phosphate-citrate buffer containing 5 mM sodium EDTA and 0.5% bovine serum albumin [BSA] ) and 1 l of 2% saponin (Sigma). Twenty microliters of 20-g/ml 7-amino-actinomycin D (7AAD; Life Technology) was added to each sample to stain for DNA, and cells were incubated at room temperature for 20 min in the dark. Samples were washed and then resuspended in 100 l of NASS and 20 l of 20-g/ml actinomycin D (AD; Sigma). Cells were incubated on ice for 5 min in the dark, and then 5 l of a fresh 1:10 dilution of 1-mg/ml pyronin Y (PY; Sigma) was added to each sample to stain for RNA. Cells were then incubated for 10 min on ice in the dark. Samples were analyzed on a BD FACSCalibur flow cytometer using the CellQuest Pro program (Becton, Dickinson). In some cultures, sodium butyrate (5 mM; Sigma) was used to arrest CD3-or CD28-activated T cells at G 1a to serve as a control. Sodium butyrate was added to the cultures at the time of activation, and samples were stained for cell cycle analysis the next day.
Long-lived primary T cell latency model (generation of latently infected B2T cells). The procedures to generate long-lived primary T cells were described in reference 35. Briefly, CD4
ϩ T cells were purified from PBMC using Miltenyi microbeads (negative depletion kit for isolating CD4 ϩ T cells) and activated with anti-CD3 and anti-CD28 antibodies (BD Biosciences) and IL-2 for 3 days before they were transduced by a lentiviral vector carrying the Bcl-2 gene (EB-FLV) to promote survival. The cells were cultured in the absence of stimuli or cytokines for 3 to 4 weeks. The resulting cell population (designated B2T cells) was small, bore few to no activation markers, and was not proliferating. Such cells were then activated using anti-CD3 and anti-CD28 antibodies, infected with a modified pseudotyped reporter virus, pNL4-3-⌬6-drEGFP, that expresses GFP, cultured for 4 weeks, and sorted for GFP Ϫ populations, which contain uninfected and latently infected cells.
HIV ؉ patient samples and modified viral outgrowth assay to determine infectious units per million cells (IUPM). HIV
ϩ patients were on highly active antiretroviral therapy (HAART), and the viral load had been suppressed below the detection limit for at least 6 months. Purified resting CD4 ϩ T cells were activated with anti-CD3 or -CD28 (CD3/28) antibodies (BD Biosciences) or cocultured with EC in duplicated 5-fold limiting dilutions, and p24 was measured in culture supernatants 14 days later using a p24 enzyme-linked immunosorbent assay (ELISA) kit (PerkinElmer). No allogeneic lymphoblasts were added. IUPM were determined statistically based on the percentage of positive culture supernatants at each dilution (described in reference 7).
Detection of CCL19, CCL21, IL-7, and IL-15 using ELISA. Supernatants from cell culture wells were collected and frozen at Ϫ80°C. ELISA kits for CCL19, CCL21, IL-7, and IL-15 were purchased from RayBiotech, and experiments were performed according to the manufacturer's instructions. Two hundred microliters of supernatant was used from each sample in duplicates. A human breast cancer cell line, MCF7, was obtained from the ATCC.
RESULTS
General scheme of EC and CD4
؉ T cell coculture and infection. We first established the endothelial cell-T cell coculture system and infected the resting CD4 ϩ T cells with a reporter HIV in which a portion of the envelope gene was replaced with enhanced GFP (EGFP) (NL43-dE-GFP [37] ), as illustrated in (in vivo EC do express MHC class II) (Fig. 1B) , as the expression of MHC class II on EC is thought to enhance HIV infection of resting T cells (32, 33) . Resting CD4 ϩ T cells were purified from healthy donors and cocultured with endothelial cells treated with IFN-␥ (EC ϩ ) or endothelial cells without IFN-␥ treatment (EC Ϫ ) for 1 day. Then the T cells, in coculture with endothelial cells in RPMI medium plus 10% FBS without EC growth factors or IFN-␥, were infected overnight with NL43-dE-GFP, a pseudotyped reporter HIV expressing GFP and carrying an HIV Env that uses CXCR4 as a coreceptor for entry. Viral infection, as indicated by GFP expression, was then measured on various days postinfection using flow cytometry. T cells were distinguished from EC by forward and side scatter gating, as they were much smaller and less granular than EC. We found no infection of EC, consistent with the results of Choi et al. (32, 33) . We also infected resting T cells alone (R) as well as anti-CD3/CD28 antibody (CD3/28)-activated T cells (ACT) as controls. Activated T cells were infected at day 2 postactivation. In some experiments, GFP ϩ and/or GFP Ϫ cells were sorted at various days postinfection for cell cycle or latency analysis.
Kinetics of viral infection in resting CD4
؉ T cells cocultured with endothelial cells. First we compared viral infection kinetics in endothelial-cell-stimulated resting T cells with those in CD3/ 28-activated T cells. As shown in Fig. 1C , viral infection in endothelial-cell-stimulated resting T cells had slower kinetics than infection in CD3/28-activated T cells. In CD3/28-activated T cells, viral gene expression, represented by GFP expression, peaked at day 3 (or day 2 in some similar experiments [data not shown]), and in endothelial-cell-stimulated T cells, the peak did not typically come until at least day 5. After day 5, there was a stable proportion of GFP ϩ T cells in endothelial-cell-stimulated cells, whereas in CD3/28-activated T cells, there was a decline of GFP ϩ cells after day 2 or 3, probably due to preferential death of infected cells. The seemingly stable proportion of GFP-expressing cells over time was likely the combination of cell death in some infected cells (decrease in GFP ϩ ) and the emergence of new GFP-expressing cells (increase of GFP ϩ ), because in some experiments we sorted GFP Ϫ cell populations and continued culturing them, and we observed an increase in the GFP ϩ population over time (data not shown). The slower kinetics of infection in endothelial-cellstimulated T cells were similar to those in resting T cells alone (Fig.  1C) , even though the total infection rates were much higher in endothelial-cell-stimulated T cells. The overall infection rates in endothelial-cell-stimulated resting T cells were even higher than the infection rates in CD3/28-activated T cells.
Lastly, there was substantial infection in T cells cocultured with EC Ϫ , even though it was typically a bit lower than in those cocultured with EC ϩ . Resting T cells cocultured with EC have lower death rates than activated T cells. Since we observed a decline of GFP ϩ cells after day 2 or 3 in CD3/28-activated T cells and a stable proportion of GFP ϩ T cells in EC cocultures, we then examined whether cell death rates were generally lower in EC cocultures. We followed the general infection scheme in Fig. 1A and examined cell viability via flow cytometry on day 5 postinfection. We gated for live cells and dead or dying cells separately based on forward and side scatter patterns and calculated death rates by dividing the number of dead cells by the number of total cells. As shown in Fig. 1D , resting T cells cocultured with EC only had a third to half of the death rates in CD3/28-activated T cells. Death rates from EC Ϫ -stimulated T cells were lower than those from EC ϩ -stimulated T cells and were similar to those from resting T cells alone.
Resting T cells cocultured with EC can be productively infected by HIV while remaining in the resting state. Since we found untreated EC to be similar to IFN-␥-treated EC in promoting productive infection of resting CD4 ϩ T cells, we performed additional experiments to examine the interaction of T cells with EC that had not been stimulated with IFN-␥. Choi et al. have previously reported (32, 33 ) that resting CD4 ϩ T cells can be infected by HIV-1 after being cocultured with EC ϩ but remain in a resting state. We examined cell activation markers CD25, CD69, and HLA-DR using flow cytometry various days postinfection as well as GFP levels. In the experiment whose results are shown in Fig. 2A, samples 
ϩ , about 3 to 8% of T cells typically expressed some activation markers. These cells may recognize allogeneic MHC class II on EC and become activated. However, the proportion of T cells that were infected (an average of about 29% in this experiment) was typically much higher than the proportion of cells that were activated (an average of about 4% in this experiment). This means that most of the infected cells were not activated. In T cells cocultured with EC Ϫ , which do not express MHC class II, the proportion of activated T cells was typically lower than for EC ϩ cocultures and either similar to or slightly higher than that observed for resting T cells alone. In each of the cultures, Ki67 levels were also measured as a marker for cell proliferation, and there was very little Ki67 expression, except for in CD3/CD28-activated T cells (data not shown).
We further analyzed among the small proportion of EC-stimulated T cells that expressed any activation markers which activation marker or markers (CD69, HLA-DR, or CD25) were upregulated most strongly. In a separate experiment, T cells cultured alone or with EC were stained with PE-conjugated antibodies against CD69, HLA-DR, or CD25. We found that CD69 was upregulated on more cells among EC-cocultured cells than HLA-DR and CD25 (Fig. 2B) .
Interestingly, significant proportions (about 30%) of GFP ϩ cells in EC ϩ cultures were CD69 ϩ , while in the same cultures, very few GFP ϩ cells were HLA-DR ϩ and almost none were CD25 ϩ (Fig. 2C) . Moreover, even though cells bearing activation markers from EC cultures were preferentially infected, the preferences were not equal among populations defined by these three activation markers (Fig. 2D ). CD69-positive cells had a much higher infection rate (defined as the GFP ϩ proportion in total CD69 ϩ cells) than CD69-negative cells (defined as the GFP ϩ proportion in total CD69
Ϫ cells), and infection rates in HLA-DR-positive cells were also significantly higher than in HLA-DR-negative cells, though the difference was smaller than that of the samples with CD69 markers. However, CD25-positive cells had just slightly higher infection rates than CD25-negative cells. In EC Ϫ cultures, the difference was more pronounced, as almost all (95%) CD69 ϩ cells were infected, whereas infection rates among marker-negative cells were similar. Thus, the virus seemed to preferentially infect CD69 ϩ cells in both EC ϩ and EC Ϫ cultures.
EC-stimulated resting CD4
؉ T cells that become infected are mainly in cell cycle stage G 0 /G 1a . Korin and Zack suggested that cell cycle G 1b was required for HIV infection in CD4 ϩ T cells (13), as they found much higher infection rates in cells arrested in G 1b than in those arrested in G 1a . Therefore, we examined cell cycle status of resting CD4 ϩ T cells stimulated by EC, particularly to determine whether they were in G 1b . We followed the general scheme of infection in Fig. 1A and stained T cells with 7-AAD (DNA) and pyronin Y (RNA) on day 6 postinfection. We used N-butyrate to arrest cells in G 1a to serve as a control. As shown in proportion of cells in G 1b or G 2 /M, the vast majority of the infected cells were not in G 1b or G 2 /M. Thus, we concluded that infected resting CD4 ϩ T cells stimulated by EC were mostly in the G 0 /G 1a phase of the cell cycle.
Resting memory T cells are preferentially infected compared to naive T cells when cocultured with EC. Choi et al. showed that when cocultured with EC
ϩ , memory T cells were infected, while naive T cells were not infected. In order to examine viral infection in these two subsets of resting T cells in our system, we sorted naive (CD45RA hi and CD45RO Ϫ ) and memory (CD45RA lo and CD45RO ϩ ) populations from freshly purified resting T cells using flow cytometry, cultured them alone or with EC, and infected them with a pseudotyped reporter virus. As seen in Fig. 4A , memory T cells were infected at much higher rates than naive T cells in EC-stimulated cultures (both EC ϩ and EC Ϫ ). EC-stimulated memory T cells were preferentially infected compared to EC-stimulated naive T cells, though EC-stimulated naive T cells still were infected more than naive T cells cultured alone.
This suggested that signals provided by EC to memory T cells were able to overcome the restrictions to a much greater extent than in naive cells. This is consistent with the fact that EC express CD58 but not the costimulatory molecules CD80/86 and thus are better at stimulating memory T cells than naive T cells. Naive T cells generally require a stronger costimulatory signal (e.g., through CD80/86) for activation than memory T cells (reviewed in reference 38).
In some experiments, we used spinoculation (2 h at 1,200 ϫ g) instead of overnight culture infection. The results using this method were quite different than with the overnight infection method. As shown in Fig. 4B , naive and memory cells were infected equally well, and in EC Ϫ cocultures, naive cells even seemed more susceptible to infection than memory cells. Since spinoculation may introduce additional variables not relevant to the in vivo situation, subsequent experiments were performed using overnight infection.
Effector memory T cells are preferentially infected compared to central memory T cells in EC cocultures. We wished to determine within the memory population whether there was preferential infection of effector or central memory T cells (TEM or TCM cells, respectively). In order to determine viral infection rates in these two groups of memory T cells, we sorted TCM (CCR7 ϩ and CD45RA lo ), TEM (CCR7 Ϫ and CD45RA lo ), and naive (CD45RA hi and CD45RO Ϫ ) populations from freshly purified resting T cells using flow cytometry, cocultured them with EC, and infected them with a pseudotyped reporter virus. As shown in Fig. 4C , in EC cocultures, the effector memory subset had the highest infec- 
Latent viral infection in resting T cells cocultured with EC. So far, we have found that resting CD4
ϩ T cells cocultured with EC can be productively infected to significantly higher levels than resting T cells cultured alone. In order to determine whether in vitro infection of resting T cells cocultured with EC could result in postintegration latent infection, we followed the scheme of infection in Fig. 1A . On day 9 postinfection, after most unintegrated viral DNA had decayed (19) , GFP Ϫ cells were sorted and activated with PMA and ionomycin (PMA-I) for 2 days (Fig. 1A) . PMA is known to reactivate latent HIV. If we detected a significant increase of GFP expression cells after T cells were stimulated with PMA-I, compared with unstimulated cells, the proportion of GFP ϩ cells in excess would be considered to have been latently infected cells. PMA-I stimulation also promotes viral integration. Therefore, if there are unintegrated proviruses in the cells, upon PMA-I stimulation, they will become integrated and subsequently express GFP. In order to prevent de novo viral integration (thus to ensure detection of postintegration latency), the integrase inhibitor raltegravir was also included in the cultures. As shown in Fig.  5B , the increase in GFP expression in PMA-I-stimulated cultures compared with unstimulated cultures was most dramatic for the EC Ϫ culture but was also statistically significant for the restingalone (R) (Fig. 5C) . Based on input cell number, resting T cells alone and EC cocultures had Ͻ0.32 IUPM (shown as 0 in Fig. 5C ). This result suggests that EC cannot reactivate latent virus in resting T cells from patients.
In the standard viral outgrowth assay (40) , after activation of resting CD4 ϩ T cells, allogeneic CD4 ϩ T lymphoblasts are added to amplify the infection in vitro. With the EC cocultures, we did not add allogeneic lymphoblasts because such addition would activate resting T cells through mixed-lymphocyte reactions and cytokine production. Therefore, low levels of viral activation or viral production stimulated by EC might not be captured. Thus, we used an in vitro primary cell model of latency (latently infected B2Tcells [35] ) to evaluate whether EC could activate latent virus. B2T cells were generated by transducing primary CD4 ϩ T cells with Bcl-2 to promote longevity in vitro. The B2T cells were infected with a modified reporter virus that expresses GFP. GFP ϩ cells were removed at day 3 postinfection by flow cytometry, and the remaining GFP Ϫ cells contained latently infected cells (and uninfected cells). In this system, reactivation of latent virus was indicated by expression of GFP upon stimulation.
Latently infected B2T cells were cultured alone, with EC (with or without IFN-␥), or with CD3/28 or PMA activation. GFP expression, as an indication of reactivation from latency, was mea- sured after 6 days. As shown in Fig. 5D , EC did not induce more GFP expression in B2T compared to the GFP level in B2T alone, while CD3/28 and PMA activation induced significantly more GFP expression. Taken together, these results demonstrated that EC do not reactivate latent virus.
Cytokine CCL19, CCL21, IL-7, or IL-15 levels do not correlate with infection of resting T cells in cocultures. Choi et al. (32, 33) showed that the interactions between endothelial cells and T cells required cell-cell contact and were dependent upon MHC class II and CD58 on the endothelial cells. However, signals through T cell receptor (TCR)-MHC and CD2-CD58 were not sufficient in inducing HIV infection of resting T cells, and soluble factors were implicated. They excluded the following cytokines using antibody blocking: IL-2, IL-6, tumor necrosis factor (TNF), and BMP-6. We then tested cytokines IL-7 and IL-15 and chemokines CCL19 and CCL21, as they were found to render resting T cells permissive for HIV replication (30, 31) . We collected supernatants from resting T cells, CD3/CD28-activated T cells, EC ϩ and EC Ϫ , and MCF7, a human breast cancer cell line that when cocultured with resting T cells did not induce significant HIV infection (Fig. 6A) . We also cocultured resting T cells with EC ϩ , EC Ϫ , and MCF7 cells for 6 days and then collected supernatants from the cocultures. We then measured levels of CCL19, CCL21, IL-7, and IL-15 using ELISA. As shown in Fig. 6B to E, EC cocul- tures did not induce high levels of any of the cytokines or chemokines, especially compared with MCF7 cell cocultures. Therefore, none of these cytokines or chemokines correlated with infection of resting T cells in EC coculture.
DISCUSSION
In this study, we demonstrated that EC stimulation can render resting CD4 ϩ T cells permissive for HIV infection. The resulting cells remained largely unactivated and showed a lower death rate than activated T cells. Among resting CD4 ϩ T cells stimulated by EC, memory T cells, particularly effector memory T cells, were preferentially infected, even though naive T cells also had increased infection rates compared with unstimulated T cells. Both productive and latent infections were observed in endothelialcell-stimulated resting CD4 ϩ T cells infected in vitro, though EC stimulation did not result in reactivation of latent virus ex vivo.
This study confirms and extends initial studies by Choi et al. (32, 33) . We confirmed that (i) EC stimulation dramatically enhances productive HIV infection of resting CD4 ϩ T cells, (ii) such infected T cells remained in a resting phenotype, and (iii) among these infected resting T cells, memory T cells were preferentially infected rather than naive T cells.
There were several differences as well. For instance, Choi et al. found measurable infection only in EC ϩ (treated with IFN-␥) cocultures and not in EC Ϫ (untreated) cocultures or T cells cultured alone, but we were able to measure infection in both EC Ϫ coculture and T cells cultured alone. We also found that both EC ϩ and EC Ϫ stimulation of T cells resulted in increased infection rates compared with resting T cells alone, though EC Ϫ cocultures had lower rates than EC ϩ cocultures. We hypothesize that the difference is largely due to the increased sensitivity in our system, since we used a pseudotyped reporter virus and thus were able to examine infection at the single-cell level. Choi et al. used a replicationcompetent virus in their in vitro infections and measured viral infection by the accumulation of p24 antigen in the culture supernatants. Measuring the accumulation of p24 is not as sensitive, and this method measures the accumulated effect of multiple rounds of infection, as p24 was typically detected at day 9 to 12 postinfection. Therefore, even if EC ϩ cocultures had a small increase in infection rate (as was observed in our system), the compounding effects of multiple rounds of infection in vitro may have resulted in much higher difference in infection rates between EC ϩ and EC Ϫ cocultures. In our system, we used a reporter virus capable of only single-round infection, and the infection was measured by GFP expression by individual cells. This gave us the advantage of detecting exactly what proportions of the resting T cells were infected and following the detailed kinetics of viral gene expression. Choi et al. found the stimulating effects of endothelial cells only in EC ϩ cocultures, but in our system, generally speaking, any effect that was observed for EC ϩ cocultures was also observed in EC Ϫ cocultures in a lower magnitude. In addition, Choi found increased infection rates in memory T cells stimulated with EC ϩ but not in naive T cells. However, even though in our system memory T cells stimulated by EC had a much higher infection rate than naive T cells stimulated by EC, we were able to detect a difference in infection rates between naive T cells stimulated with EC and these cells without EC stimulation. This again was due to the increased sensitivity of our system. Consistent with the results of Choi et al., we observed slower kinetics of viral infection in resting T cells stimulated by EC than in CD3/28-activated T cells (Fig. 1C) . For EC-stimulated T cells, viral gene expression peaked after day 5 postinfection, whereas for CD3/28-activated T cells, the peak was at day 2 to 3. The slower kinetics probably reflect the fact that EC-stimulated T cells were largely still in a resting state in which key events such as reverse transcription occur slowly (18) . More interestingly, in EC-stimulated cells, the proportion of GFP ϩ T cells was stable after day 5 or 6 postinfection, whereas in CD3/28-activated T cells, there was a decline of GFP ϩ cells after day 2 to 3. The decline was probably due to cell death, as infected activated T cells seemed to die more rapidly than uninfected activated T cells (data not shown). Generally speaking, after infection, there was substantially more cell death in CD3/28-activated cultures than in EC-stimulated cultures, particularly in T cells stimulated by EC Ϫ (Fig. 1D) . This is probably due to the fact that nonproliferating T cells are less susceptible to viral cytopathic effects, such as Vpr-induced arrest of the cell cycle at G 2 and the subsequent induction of apoptosis (41, 42) . Since EC-stimulated T cells mostly remained in a resting state and in cell cycle stage G 0 /G 1a ( Fig. 2 and 3) , they probably survived better than activated T cells. If this proves to be true in vivo, then EC would be a significant contributor to viral propagation in the host because EC stimulation allows resting T cells to be infected while still maintaining their viability.
Our data also demonstrated that resting CD4 ϩ T cells did not have to be fully activated, nor did they have to proliferate or even be in cell cycle, to support productive HIV infection. In our study, resting T cells stimulated by EC displayed a resting phenotype, with only a small percentage of cells expressing any activation makers (Fig. 2) , and they were mostly in cell cycle stage G 0 /G 1a (Fig. 3) . The barrier to proviral integration in resting T cells may be overcome by some degree of activation that is short of full immune activation through the T cell receptor, as long as some threshold is reached. Memory T cells, particularly effector memory T cells, are likely closer to the threshold than naive T cells, as the highest level of productive infection was achieved in effector memory populations (Fig. 4) . Soluble factors have been in several studies to provide such partial activation. These include the proinflammatory cytokines IL-2, IL-4, IL-7, and IL-15 (30) and chemokines CCL19 and CCL21 (31) . In our study, we found no correlation between infection rates of EC stimulated resting T cells and levels of cytokines IL-7 and IL-15 or chemokines CCL19 and CCL21 in the supernatants of the cultures (Fig. 6 ). This suggests that these cytokines and chemokines are not involved in EC stimulation of resting T cells. Choi et al. (32, 33) found that the interaction between EC and T cells involved CD2-CD58 interactions. We have previously shown that CD2-CD58 interactions are involved in activation of macaque resting CD4 ϩ T cells by EpsteinBarr virus (EBV)-transformed human B cells (43) . In future studies, we will explore other soluble factors and cell signaling molecules as potential mechanisms for subactivation stimulation by endothelial cells.
The most significant and interesting result from this study was the finding that EC stimulation of resting CD4 ϩ T cells induced latent infection, most prominently in EC Ϫ cocultures ( Fig. 5A and  B) . EC ϩ coculture also induced a statistically significant level of latency, though it was lower than with EC Ϫ coculture. This was most likely because there were more activated T cells (5 to 8%) in EC ϩ cocultures, and activated T cells were more prone to productive infection and infection-induced cell death. In fact, we often observed a moderate decline of GFP ϩ cells in EC ϩ cocultures from day 6 to day 8 postinfection (Fig. 1C) . Preferential death of infected cells was probably also the reason why activated T cells did not have significant levels of latency. Endothelial cells line the interior of blood and lymphatic vessels in the lymphoid tissues and have frequent interactions with T cells. While activated T cells would most likely die after viral infection, EC-stimulated resting T cells could be readily infected (up to 40%, Fig. 6A ), and in some cases (up to 1.5% [ Fig. 5B]) , latent infection could be established, allowing the cells to escape the cytopathic effect of the virus and killing by CD8 ϩ T cells. Thus, our results suggest that EC may be involved in the establishment of a latent reservoir for HIV in CD4 ϩ resting T cells in vivo. Finally, even though EC stimulation induced both productive and latent infections in resting CD4 ϩ T cells, it failed to reactivate latent virus. In other words, EC stimulation seemed to facilitate viral integration and viral expression in resting CD4 ϩ T cells during de novo infection, but not expression of virus from already integrated provirus in resting T cells (Fig. 5C and D) . This indicates that the mechanisms involved in the restriction of HIV infection of resting T cells (such as SAMHD1 [44, 45] ) are different than those involved in the maintenance of latency. Since EC stimulation must have provided for the activation of essential transcription factors needed for productive infection of resting T cells, latency may be maintained through mechanisms other than unavailability of these factors. Similar arguments could be made regarding nucleotide levels. Mechanisms such as transcriptional interference, DNA methylation, or repressive histone modifications were implicated in maintenance of latency (46) (47) (48) , and they may not be overcome by EC stimulation.
In summary, we found that EC had a significant impact on direct infection of HIV-1 in resting CD4 ϩ T cells, facilitating both productive and latent infection. Direct infection of resting T cells stimulated by EC has significant implications in vivo because there are many more resting T cells in vivo than activated T cells, and if HIV infection does not require T cell activation, there would be many more potential target cells. Moreover, endothelial cells line the blood and lymphatic vessels in the lymphoid tissues and have frequent interactions with T cells in vivo. EC interactions with T cells in vivo may explain how resting CD4 ϩ T cells are productively infected in lymphoid tissues. We also showed for the first time that EC-stimulated resting T cells can harbor latent virus and that infected resting T cells stimulated by EC had higher viability than infected activated T cells. These results suggest a new mechanism for latency formation in resting CD4 ϩ T cells in vivo. Although latency may be established when activated CD4 ϩ T cells revert back to a resting state, infection and survival of EC-stimulated resting CD4 ϩ T cells may provide an additional route. Further understanding of the interaction between EC and T cells will be highly beneficial to our efforts to understand and eliminate latent HIV.
